Even though substantial progress has been made to elucidate the physiological and environmental factors underpinning differences in body size, little is known about its genetic architecture. Furthermore, all animal species bear a specific relationship between the size of each organ and overall body size, so different body size traits should be investigated as well as their sexual dimorphism that may have an important impact on the evolution of body size. We have surveyed 191 co-isogenic lines of Drosophila melanogaster, each one of them homozygous for a single P-element insertion, and assessed the effects of mutations on different body size traits compared to the P-element-free co-isogenic control. Nearly 60% of the lines showed significant differences with respect to the control for these traits in one or both sexes and almost 35% showed trait-and sex-specific effects. Candidate gene mutations frequently increased body size in males and decreased it in females. Among the 92 genes identified, most are involved in development and/or metabolic processes and their molecular functions principally include protein-binding and nucleic acid-binding activities. Although several genes showed pleiotropic effects in relation to body size, few of them were involved in the expression of all traits in one or both sexes. These genes seem to be important for different aspects related to the general functioning of the organism. In general, our results indicate that the genetic architecture of body size traits involves a large fraction of the genome and is largely sex and trait specific.
Introduction
Formation of a multicellular organism is a complex highly regulated process that involves differentiation and morphogenesis during development. Organisms differ in size not only between species but there is also considerable variation within species because of both environmental (nutrition, temperature) and genetic factors (Edgar, 2006; Arendt, 2007) . Body size is a major fitness-related trait that contributes to successful mate selection, longevity, avoidance of predation and tolerance to heat, cold and starvation among others (for example, Roff, 1992; Schmidt-Nielsen, 1984; Stearns, 1992) . Genetic and physiological studies have provided insights into the genetic basis of body size as the target of natural selection (Edgar, 2006; Arendt, 2007) . Reproducible differences in body size in natural populations and different environmental factors that affect body size have been extensively studied, particularly, in Drosophila melanogaster (for example, De Jong and Bochdanovits, 2003; De Moed et al., 1999; Partridge et al., 1994; Trotta et al., 2006) .
Even though the physiology of growth control in insects differs from that of mammals, the genes and signalling pathways involved are similar (Edgar, 2006; Dong et al., 2007; Pan, 2007; Saucedo and Edgar, 2007) . The insulin-like growth factor signalling pathway emerges as the principal system that regulates cell proliferation (cell number) and cell growth (cell size) and plays a fundamental role in the determination of metabolism and nutrient storage (Edgar, 2006 ). An exhaustive genetic dissection has validated the role of this highly conserved pathway in D. melanogaster (for example, Britton et al., 2002; Johnston and Gallant, 2002; Oldham and Hafen, 2003; Saucedo and Edgar, 2002; Shingleton et al., 2005) . Converging with the insulin signalling system is the target of rapamycin (TOR) pathway that regulates cell growth rather than cell proliferation (for example, Hennig et al., 2006; Oldham and Hafen, 2003; Wullschleger et al., 2006; Zhang et al., 2000) . Particularly, TOR might function as an amino-acid sensor and plays a prominent role in regulation of cell growth in response to nutrients (Cardenas et al., 1999; Zhang et al., 2000) . Finally, recent studies have delineated a novel signalling pathway, the Hippo pathway, which has an important role in the regulation of organ size through cell proliferation (for example, Dong et al., 2007; Pan, 2007; Saucedo and Edgar, 2007) . Eventually, the adult size of holometabolous insects is determined by the size at which the last-instar larva stops feeding and begins metamorphosis, a process controlled by steroid and neuropeptide hormones occurring after a genetically encoded critical weight is achieved (for example, Caldwell et al., 2005; Colombani et al., 2005; Nijhout et al., 2006; Truman et al., 2006) . Despite these considerable advances, we still understand little about how size is perceived and how organ-intrinsic size interfaces with whole-body physiology (for example, Caldwell et al., 2005; Conlon and Raff, 1999; Day and Lawrence, 2000; Nijhout, 2003; Nijhout and Emlen, 1998; Shingleton et al., 2007; Stern and Emlen, 1999) .
All animal species bear a specific relationship between the size of each organ and overall body size (that is, allometries; Conlon and Raff, 1999; Shingleton et al., 2007) . The imaginal discs of insects contain information that specifies their shape and perhaps their approximate size independently of the precise number of cells, but disc growth is also modified both by the overall growth of the animal and by the growth of other discs (for a complete review see Stern and Emlen, 1999) . From an evolutionary perspective, adaptations and the emergence of novel phenotypes would require some degree of developmental independence among body parts (Cowley and Atchley, 1990 and references therein). However, different morphological traits cannot be completely independent genetically because of pleiotropy and linkage (Cowley and Atchley, 1990; Nijhout and Emlen, 1998) . Traits that derive from the same imaginal discs would be more tightly mutually constrained (Cowley and Atchley, 1990 and references therein). Similarly, traits in males and females would be genetically correlated. As a consequence, a selective response in one sex would entail a shift in phenotype in the other sex which, in turn, implies that only a slight modification of the level of sexual dimorphism would be possible in response to selection (Cowley and Atchley, 1988; Cowley et al., 1986 and references therein). Undoubtedly, substantial progress has been made to elucidate the physiological and environmental factors underpinning differences in body size. However, little is known about the mode of action of the genetic factors (that is, the way in which they interact with each other and the environment) that build and control this trait and its variational properties (that is, its genetic architecture; Hansen, 2006) .
Understanding the genetic architecture of complex traits such as body size requires first and foremost identifying the genes that contribute to the expression of the trait, which can be achieved by mutagenesis screens in genetically tractable model organisms such as D. melanogaster. Quantitative genetic analysis of subtle effects of P-element mutations that have been induced in an isogenic background (Lukacsovich et al., 2001; Bellen et al., 2004 ) is a highly efficient method for functional genomic analyses (Anholt et al., 1996; Lyman et al., 1996; Norga et al., 2003; Harbison et al., 2004; Sambandan et al., 2006; Mensch et al., 2008) .
In this paper, we address the following questions: (1) How many genes are involved in the expression of body size-related traits in D. melanogaster? (2) Which are these genes and what are their principal functions? (3) Does the P-element disruption of these genes shows the same effect on different body size-related traits? (4) Does the mutation of these genes present the same effect on males and females? As body size is a complex trait that displays considerable genetic variation in natural populations, our a priori expectation was to find that a large proportion of the genes analysed was involved in body size-related traits expression. The majority of these genes would be related to the general development of the organism and its metabolic functions. However, some of these genes would be involved in more specific functions related to morphogenesis. Therefore, most of these genes would affect all body size-related traits similarly, although some of them would show a local-specific effect. Finally, most of these genes would show a similar effect in both sexes.
In this study, we analysed traits derived from different imaginal discs in both sexes using P-element insertion lines. This design allowed us to identify candidate genes that contribute to the expression of body size-related traits in D. melanogaster and to evaluate the implications of genetic correlations between body parts and their sexual dimorphism in the evolution of body size. Candidate gene mutations frequently increased body size in males and decreased it in females. Interestingly, our data indicate that P-element insertions in genes that reduced size differences between sexes mapped more frequently at autosomal chromosomes with respect to those that affected both sexes similarly or enlarged sexual dimorphism, which were predominantly X-linked. Among the 92 genes identified, a large proportion is involved in development and/or metabolic processes and their molecular functions principally include protein-binding and nucleic acid-binding activities. In general, our results indicate that the genetic architecture of body size traits involves a large fraction of the genome and is largely sex and trait specific.
Materials and methods

Drosophila stocks
We used 191 independent homozygous viable single P[GT1]-element insertion lines, constructed in a coisogenic Canton-S background (Lukacsovich et al., 2001) to identify candidate genes affecting body size-related traits. The lines were kindly provided by Trudy Mackay (North Carolina State University, Raleigh, NC, USA).
P-element insertion lines were distributed in nine batches in which 20-25 lines were simultaneously assessed. To account for environmental variation in body size-related traits between batches, 4-8 replicated vials of the control strain (a co-isogenic P-element insertion free line with the same genetic background) were run in parallel with each batch. For each line, 300 pairs of sexually mature flies were placed for 8 h in oviposition chambers. Eggs were allowed to hatch and batches of 30 first-instar larvae were transferred to culture vials containing a standard cornmeal-agar-molasses medium (4 replicates per line). Larvae were raised at 25±1 1C and 60-70% of humidity with a 12:12 light:dark photoperiod until adult emergence.
Body size-related traits Four flies of each sex from each vial were randomly chosen and the head, the thorax and the wings of each individual were removed and mounted on slides. Images were captured using a binocular microscope ( Â 10) and an attached digital camera connected to a computer. Different morphometric traits were estimated using tpsDig (Rohlf, 2001 , version 1.31, available at http://life.bio.sunysb.edu/morph/): face width (FW), head width (HW), thorax length (TL) and wing size (WS). FW, which is the smallest distance between the eyes, and HW, which is the distance between the right and the left side of the head capsule (including the eyes), were scored in images with a frontal view of the head. TL, which is the distance between the anterior margin of the thorax and the tip of the scutellum, was scored in images with a lateral (right side up) view of the thorax. For the estimation of WS, 11 landmarks were digitized on the ventral face of the left wing of each fly and a single WS measure (centroid size) was calculated by taking the square root of the sum of squared distances between each landmark and the centroid (the point whose coordinates are the means of the x and y coordinates of all landmarks) of each wing.
Statistical analyses Genetic correlation analyses:
To include all lines tested in different batches, the values corresponding to each variable were transformed by subtracting from each individual value the mean value of its contemporaneous co-isogenic control line, separately for males and females, and dividing it by the same value. The mean of the transformed values corresponding to each line were used in all correlation analyses. A correlation analysis was performed between each pair of variables within each sex and with each variable between sexes. As we utilized the same values for different correlation analyses, Bonferroni's correction for multiple tests was applied (P B ¼ 0.0125).
Quantitative genetic analysis: Analysis of variance (ANOVA) was utilized to assess the magnitude of mutational variance for body size-related traits. To include all lines tested in different batches, transformed values were used (see above). Two-way ANOVA was computed for each variable, following the mixed model:
where m is the overall mean, L is the random effect of line, S is the fixed effect of sex and e represents the error term. Variance components for random sources of variation (line, line by sex interaction and error) were estimated for each variable.
Gene identification and functional analysis: An ANOVA was used to assess the magnitude of the mutational effect induced by P[GT1] insertions on each body size trait. The one-way ANOVA was computed for each trait, sex and batch separately, following the fixed model:
where L is the fixed effect of line and e the error variance. To identify which lines were responsible of the significant line factor, phenotypic differences between P-element insertion lines and the contemporaneous control line were tested using Dunnett contrasts for each batch. Those lines that exhibited significant differences relative to the control were considered as lines bearing an insertion in a candidate gene.
The number of cases in which size increased or decreased in each sex was subjected to frequency analysis considering all body size-related traits together and each one separately.
To identify the transposon-tagged candidate genes, nucleotide sequences flanking the P-element insertion were aligned with corresponding sequences of the reference sequence of the D. melanogaster genome.
Homology searches were performed against release 5 of the published D. melanogaster genomic sequence (Flybase, http://flybase.bio.indiana.edu/). Candidate genes were distributed in different gene ontology (GO) terms corresponding to the categories 'biological process' and 'molecular function' according to their annotations (The Gene Ontology Consortium, 2000) . This analysis was performed automatically with the aid of the programme FatiGO þ , from the Babelomics suite of bioinformatic tools, available at http://www.fatigo.org/ (Al-Shahrour et al., 2006) . This programme distributes the genes among the terms corresponding to each category in a non-exclusive manner (that is, a given gene might be associated to more than one GO term).
Pleitropic effects on body size-related traits: Lines were classified according to the degree (number of traits) to which they affected body size-related traits to determine the degree of pleiotropic effects. An ANOVA was performed to assess the magnitude of the mutational effect induced by P[GT1] insertions on body size-related traits in those lines that were the most pleiotropic (that is, those that affected the largest number of traits). The twoway ANOVA was computed with the transformed values of the variables (see above) for each line separately, following the fixed model:
where T is the fixed effect of the trait, S is the fixed effect of the sex and e represents the error term. If differences were encountered for all traits in one sex, a one-way ANOVA with trait as fixed factor was performed with the transformed values of the sex showing differences. When the sources of variation trait and/or trait by sex were significant in the analysis corresponding to a line, we identified the means of the traits that were different by means of post hoc comparisons (Tukey's HSD contrasts).
All statistical analyses were performed using the STATISTICA software package (StatSoft Inc., 1999 , 2001 .
Results
Genetic correlations analyses
We performed correlation analyses to assess to what extent different body size traits are correlated in each sex Body size in Drosophila VP Carreira et al separately and between sexes. The correlation between each pair of variables was positive and highly significant in both sexes (Table 1 ). The percentage of total variance explained by the correlation (the square of r Â 100) ranged from 9 (FW-WS) to 37% (HW-TL) in females and from 4 (FW-WS) to 70% (HW-TL) in males ( Table 1) . The rank order of the percentage of total variance explained by the correlations between pairs of body size traits is almost identical in both sexes (Table 1) . The correlation between sexes for each variable was positive and highly significant only for FW and WS and the percentage of total variance explained by the correlation for these traits was 27 and 47%, respectively (Table 1) . Each one of these two body size-related traits showed a greater correlation between sexes than with any other body size-related trait within the same sex. Moreover, the correlation between sexes for HW was not significant after Bonferroni's correction for multiple tests (P B ¼ 0.0125, Table 1 ); neither was significant for TL (Table 1) .
Quantitative genetic analysis
We performed analyses of variance to quantify the effect of genotype and the genotype by sex interaction on variation in body size traits. The results of the ANOVAs indicate that a large number of transposon-tagged genes control the expression of body size-related traits, as the line and the line by sex interaction terms together accounted from 25 to 42% of the overall phenotypic variance (Table 2 ). Our analyses showed that 59% of the lines (113 out of 191 lines tested) differed significantly from the control for at least one trait in either sex (Supplementary information, Table 1 ). Nearly half of the significant lines (45% in males and 49% in females) showed significant differences with respect to the control for only one trait when data were analysed for each sex separately (Figure 1 ; Supplementary information, Table 1). Most of the lines in which the P-element insertion affected only one trait, showed significant differences from the control line for WS and HW in males and females respectively (Figure 1 ; Supplementary information, Table 1 ). Moreover, 18, 23 and 7 lines in males and 22, 10 and 6 lines in females affected two, three and all four traits respectively indicating that the mutated genes have extensive pleiotropic effects on body size traits ( Figure 1 ; Supplementary information, Table 1 ). Interestingly, only seven P-element insertion lines showed similar changes (increasing or decreasing size) in both sexes (numbers between parentheses in Figure 1 ). In fact, the effect of most gene disruptions on body size traits differed between males and females ( Figure 1 ; Supplementary information, Table 1 ). The significant line by sex effect (Table 2) suggests that the phenotypic effect of the insertions is sex-biased (Supplementary information, Table 1 ). Finally, we were surprised to find that, as a consequence of the P-element insertion, males showed a significant increase in all traits, whereas in females the scores of the same traits decreased relative to the control line (Table 2) . Moreover, this pattern of opposite effects between sexes cannot be attributed to a few lines with major phenotypic effects (Figure 2 ; Supplementary information, Table 1 ). A frequency analysis considering all traits together showed that the number of cases in which size increased or decreased in males and females is sex-biased (w 2 1 ¼ 79.7, Po0.0001), suggesting that most significant lines exhibited opposite effects between sexes. This tendency, which was highly significant for FW (w Body size in Drosophila VP Carreira et al may lead to a less marked sexual dimorphism as a result of P-element insertion.
Gene identification and functional analysis
We identified 92 candidate genes that affect body sizerelated traits based on insertion of the P-element within 5 kb from the transcription initiation site (only the gene nearest to the insertion was selected as candidate gene, except in those cases in which two genes were closer than 1 kb to the P-element insertion site and neither disruption occurred in the gene; Supplementary information, Table 1 ). , that affected body size are directly related to pathways that regulate cell proliferation and cell growth, the insulin-like growth factor signalling and TOR pathways. P-element insertion at 104 bp of the 3 0 end of foxo, which is related to the negative regulation of cell proliferation and cell size (Kramer et al., 2003; Hwangbo et al., 2004) , produced females with reduced HW and TL (Supplementary information, Table 1 ). Therefore, our results seem to indicate that flies carrying two inactivated copies of foxo present an increased negative regulation of body size in a sex-specific way. Contrary to the activity of foxo, Pk61C mediates positive regulation of cell size (Cho et al., 2001) . As the P-element insertion at 35 bp of the 3 0 end of this gene produced females with reduced HW, TL and WS (Supplementary information, Table 1), this might be a loss-of-function mutation also with a female-specific effect. These results seem to reflect sex-biased constraints in the direction of the effect of loss-of-function mutations.
Genes with significant effects on body size traits were automatically distributed in GO terms corresponding to the categories 'biological process' and 'molecular function' according to their annotations using FatiGO þ (Al- Shahrour et al., 2006) . Concerning the biological process, the 56 annotated candidate genes were distributed in 37 categories in a non-exclusive manner (that is, a given gene might be associated to more than one GO term; Table 3 ). A large proportion of these genes are involved with development and/or metabolic processes (Table 3) . Concerning the molecular function, the 71 annotated candidate genes were distributed, in a non-exclusive manner, in 19 categories (Figure 3) . Those including more than 10% of annotated candidate genes are: protein binding, nucleic acid binding, ion binding, transferase activity and nucleotide binding (Figure 3) .
We identified those genes that gave rise to the most extreme phenotypes for FW, HW, TL and WS in our panel of candidate genes showing significant effects (Table 4 ). The percentage of change in the phenotypic Figure 2 Number of lines in which the mutation increased, decreased or increased and decreased the value of one, two, three or all four body size-related traits in males (a) and females (b).
Body size in Drosophila VP Carreira et al value related to the control mean, considering all traits together, varied in females from 11.6% for increasing FW to 15.4% for decreasing TL, and in males from 12.2 to 16.7% from decreasing and increasing TL respectively. There was no case in which a single gene gave rise to the most severe phenotypic effect for all body size traits. The P-element insertion in invected (inv), however, was responsible for five out of eight of the most severe decreases in body size observed in both males and females (Table 4) .
Pleiotropic effects on body size-related traits
In 8 of the 191 P-element lines tested, insertions affected significantly three or four body size traits in both sexes. These are the cases of inv, sd, Doughnut on 2 (dnt) and CG13086, lamina ancestor (lama), CG11550 (the P-element insertion is at 9.6 kb from the transcription start site of this gene), LanA, CG14782 and lipid storage droplet-2 (Lsd-2) in which P-element insertions occurred in or near the genes (Supplementary information, Table 1 ). When all lines were ranked according to the magnitude of their effect on each trait and sex separately, these lines were among those that exhibited the largest decrease (inv, lama, dnt/CG13086, CG11550 and Lsd-2) or the largest increase (sd, dnt/CG13086, LanA, and CG14782) in the scores of most traits.
The principal results of the ANOVAs performed to assess the magnitude of the mutational effect induced by P-element insertions on body size traits in those lines that were the most pleiotropic (that is, those that affected the largest number of traits, all four traits in one sex and three in the other) are shown in Table 5 . In certain lines, the P-element insertion did not have a homogeneous effect neither among traits nor between sexes. For instance, mutation of lama affected different traits in a dissimilar manner, increasing some parts and decreasing others in males and decreasing all of them in females (Table 5 ; Supplementary information, Table 1 ). The P-element insertion near CG11550 produced a similar phenotypic effect (Table 5 ; Supplementary information, Table 1 ). The insertion near Lsd-2 represents a different example in which all body size traits were reduced to the same extent in both sexes (Table 5 ; Supplementary information, Table 1 ). This mutation caused a mean decrease in body parts of 5.6%, which places this line among the smallest 19 lines. Similarly, mutation of inv decreased size in all traits, although the change was significantly larger in females than males (Table 5 ; Supplementary information, Table 1 ). This insertion caused an average decrease in body size of 9% in males and 12% in females, which places this line among the top 10 smallest lines.
The principal results of the ANOVAs performed to assess the magnitude of the mutational effect induced by P-element insertions on body size traits in those lines that differed significantly from the control for all traits in one sex (six in males and three in females) are shown in Table 6 . The P-element insertion in tropomodulin (tmod; Supplementary information, Table 1 ) is the only one that Figure 3 Distribution of candidate genes with annotation in GO terms corresponding to the category 'molecular function' using FatiGO þ . Genes are distributed in a non-exclusive manner (that is, a given gene might be associated to more than one GO term, see text for more details). The percentage of genes related to each GO term is shown.
Body size in Drosophila VP Carreira et al increased the size of all body parts to the same extent in males (Table 6 ). Mutations in lines BG01608 and BG01538, where no gene near the insertion sites have been identified and mutations affecting bifocal (bif), longitudinals lacking (lola) and CG8062 increased all body size-related traits in a dissimilar manner in this sex (Table 6 ; Supplementary information, Table 1 ). In females, the mutation affecting misshapen (msn) decreased all body size-related traits to the same extent and P-element insertions-affecting CG17836, amnesiac (amn) and CG32529 caused a larger decrease in FW than in any other trait (Table 6 ; Supplementary information, Table 1 ). Most of these sex-specific lines were among those lines that showed the largest decrease or increase for any trait and sex. Particularly, the P-element insertion-affecting CG32529 and amn caused a mean size decrease of 5% in males and 7% in females.
It is important to note that only inv, lama, CG11550 and Lsd-2 seem to be highly pleiotropic in both sexes and, even though mutations affecting these genes generally caused a decrement in size, there is no apparent pattern in their relative effect on different body size traits. Interestingly, mutations affecting all traits in males caused a size increment in this sex; whereas insertions affecting all traits in females produced a size decrement in this sex. This is a pattern that has been already mentioned for all lines. In these 'pleiotropic sex specific' genes, FW was the trait that showed the greatest phenotypic changes in both sexes. In fact, this trait showed a mean enlargement of 8.7% in males with respect to the control line (the average increases for HW, TL and WS were 6.8, 7.8 and 3.4% respectively) whereas in females FW decreased, on average, 9.3% with respect to the control (the average decreases for HW, TL and WS were 5.6, 5.8 and 6.2% respectively).
Discussion
We have used lines obtained by P-element insertional mutagenesis (Lukacsovich et al., 2001 ) to identify candidate genes involved in the determination of four body size-related traits: FW, HW, TL and WS. Although the number of genes affected by P-element insertions only represents 1-1.5% of all the genes in the Drosophila genome, almost 60% affected at least one body sizerelated trait in one or both sexes and nearly 35% affected only one trait in one sex. These results reflect the complexity of the genetic architecture of these traits, involving a large portion of the genome in the determination of body size-related phenotypes examined.
One interesting feature of our results is that, on average, the effects of P-element insertions tended to diminish the sexual dimorphism in body size. Among the 92 genes identified, a large proportion is involved in development and/or metabolic processes and their molecular functions principally include protein-binding and nucleic acid-binding activities. Some of these genes that orchestrate the expression of body size-related traits in one or both sexes, also contribute to other adaptively important traits such as abdominal and sternopleural bristle number (Norga et al., 2003) , starvation resistance (Harbison et al., 2004) and olfactory behaviour (Sambandan et al., 2006, Supplementary information, Table 1 ). In general, our results indicate that the genetic architecture The gene/s affected by the P-element insertion and the percentage of change in the phenotypic value (increasing or decreasing size) compared to the phenotype of the control are shown. a No gene could be identified. 
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An ANOVA was performed using the transformed values of the variables for each line separately, following a model with trait and sex as fixed factors (see text for more details). F-value and its significance for each source of variation corresponding to the different ANOVAs are shown. Mean values correspond to the average of the transformed value for each trait. Different letters (a, b, c) denote significant differences between mean values in each sex by means of Tukey's HSD contrasts. *Po0.05; ***Po0.001.
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VP Carreira et al of body size traits involves a large fraction of the genome and is largely sex and trait specific. Genetic correlations between body size-related traits are well documented in Diptera (for example, Atchley, 1988, 1990; David et al., 2006; De Moed et al., 1997; Loeschcke et al., 1999; Misra, 1966; Moreteau et al., 2003; Norry et al., 1997; Rohlf and Sokal, 1972, Scheiner et al., 1991; Sisodia and Singh, 2001 ). Most studies reported that correlations among measurements of different body parts are usually positive indicating that cell proliferation and cell growth rates of different imaginal discs may be proportional during larval growth, providing a possible explanation to the apparent constraints that limit divergence from the fundamental body plan of flies. However, in our study, the percentage of total variance explained by correlations among traits was generally lower than previously reported in D. melanogaster (for example, Atchley, 1988, 1990; De Moed et al., 1997; Scheiner et al., 1991) . Furthermore, our results do not entirely support the hypothesis that traits derived from the same imaginal disc are more correlated than those derived from different precursors as it was reported before (Cowley and Atchley, 1990) . Certainly, neither traits derived from the wing disc (thorax and wing traits) nor from the eyeantennal disc (head traits) showed greater correlation coefficients between them than between traits derived from different embryonic precursors. For instance, FW and HW were more correlated with TL than between themselves and, even tough WS was correlated with TL, the correlation coefficient between HW and TL was larger. Thus, our results support an autonomous growth model for different body parts, as proposed by Stern and Emlen (1999) , who argued that the growth of different structures might be partially regulated by mechanisms involving either a centralized system for translating body size into a growth signal, and/or by communication between imaginal tissues and the rest of the body. However, if different organs vary in the density of receptors for such a 'body size signal', this would lead to differences in the 'sensitivity' of each organ, which might lead to organ-specific allometries. Such a mechanism might underlie genetic variation within populations and account for sexual dimorphism (Stern and Emlen, 1999) . In this sense, FW and WS were the only traits that were positively (and significantly) correlated across sexes. This result suggests a sexual dimorphism in the genetic architecture of some body size traits, which might be a common feature with others traits such as starvation resistance (Harbison et al., 2004) , abdominal and sternopleural bristle number (Norga et al., 2003) and olfactory behaviour (Anholt et al., 2003; Sambandan et al., 2006) .
Our quantitative genetic analysis revealed extensive genetic variation for all body size traits studied, although for two traits it was masked by strong line by sex interactions. The relative percentages of phenotypic variation explained by genotype (line) and genotype by sex (line by sex) interaction also reveal important aspects of the genetic architecture of body size traits. First, the percentages of total phenotypic variance explained by both sources of variation for different body size traits (25-42%) suggest that several genes contribute to the expression of these traits. Furthermore, the effects of these genes depend on the sex because a considerable percentage of total phenotypic variance for different body size-related traits can be accounted for by the line by sex interaction (8-42%). Second, and perhaps more surprising, is that the percentages of phenotypic variance explained by the line and line by sex components of variance for body size traits are among the lowest values recorded so far as compared to other quantitative traits studied using the same suite of co-isogenic P-element insertion lines: 81% for starvation resistance (Harbison et al., 2004) , 64% for developmental time (Mensch et al., 2008) , 57% for sternopleural bristle number (Norga et al., 2003) , 56% for abdominal bristle number (Norga et al., 2003) and 31% for adult olfactory behaviour (Sambandan et al., 2006) . However, it must be considered that these results were obtained using a particular isogenic background. Furthermore, body size-related traits analysed are associated to certain measurement error that, in combination with Further, half of the lines analysed for each sex separately showed differences for only one trait that explains the low percentage of total variance explained by the correlation between size traits in each sex. Except for seven lines in which the mutation affected body size traits similarly in both sexes, mutations generally increased the size of one or more traits in males whereas they decreased the value of one or more traits in females. This opposite effect between sexes, which reduces sexual dimorphism for body size, explains the low percentage of total variance explained by the correlation between sexes for each body size trait. However, these opposite effects between sexes caused by P-element insertions were significant for head traits (HW and FW) and TL but not for WS. These results give strong support to our hypothesis that the genetic architectures of body sizerelated traits (at least for FW, HW and TL) differ between males and females and may reflect evolutionary limitations on the divergence for these traits between the sexes. Particularly, the reduction of sexual dimorphism as a consequence of the P-element insertional mutations suggests that body size in each sex might be subjected to different selective forces in nature that, in turn, might lead to the differences between sexes. This is in line with previous studies (Fisher, 1958; Lande, 1980) , concerning the evolution of sexual dimorphism that stated that, by default, genes would be expressed in both sexes (that is, traits in males and females would be genetically correlated). As a consequence, a selective response in one sex would entail a shift in phenotype in the other sex. In the case where males and females are selected for different trait values, a move toward the optimum of one sex would move the other sex away from its optimum. In this case, mutations would be 'sexually antagonistic' because their positive effect on one sex would be associated with a negative effect in the other sex. The fact that sexually antagonistic alleles segregate in the population might select for a breakdown of the genetic correlation between the sexes, for example through the action of modifiers (Rice, 1984) . In this sense, Rice (1984) pointed out that genes coding for sexually dimorphic traits should be located disproportionately on the X chromosome. However, our data indicate that P-element insertions in genes that reduced size differences between sexes, mapped more frequently at autosomal chromosomes respect to those that affected both sexes similarly or enlarged sexual dimorphism, which were predominantly X-linked (w 2 1 ¼ 12.22, P ¼ 0.0005). It is interesting to note that the distribution of genes affecting body size traits through the genome did not depart from a random one (w 2 2 ¼ 0.05, P ¼ 0.9753). This result is apparently in contradiction with previous studies that reported an increased contribution of the X chromosome to genetic variance for body sizerelated traits in D. melanogaster (Kearsey and Kojima, 1967; Cowley and Atchley, 1988) . Finally, sex-specific effects on body size-related traits might imply the existence of strong interactions between genes involved with the genetic cascade responsible of the genetical sex and many other genes (genes directly related to morphogenesis and other type of genes) all over the genome. This, in turn, suggests that the genetic architecture of sexual dimorphism for body size traits is very complex, involving interactions among different genetic networks.
The functional analysis of the 92 candidate genes revealed that half of them are involved with development and/or metabolic processes. Furthermore, 70% of the genes present protein-binding activity and more than 27% nucleic acid-binding capability.
Of the 92 genes, 8 affect three or four body size traits in both sexes (dnt, inv, LanA, lama, CG13086, sd, CG14782 and Lsd-2); at least four contribute to the expression of all traits in males (lola, tmod, bif and CG8062), whereas four affect the expression of all traits in females (msn, CG17836, CG32529 and amn). Mutations in four of these genes (inv, Lsd-2, amn and CG32529) resulted in large decreases in almost all body size traits in both sexes. In contrast, only taking together both P-element insertions affecting sd, we observed an increase in all body sizerelated traits.
As far as we know, there are no records relating most of these pleiotropic genes with body or organ size (Flybase release 5). On one side, inv is closely related in genome position, sequence and pattern of expression to engrailed (a segment polarity gene; Coleman et al., 1987) . On the other side, Lsd-2 is related to the transportation of lipid particles along the microtubules and its regulation (Welte et al., 2005) as well as to lipid (Gronke et al., 2003) and triacylglycerol sequestering (Teixeira et al., 2003) . In general, studies of the effect of Lsd-2 lack-of-function and gain-of-function mutations have shown that this gene is essential for an adjustment of the organismal lipid storage level. In contrast, amn has been reported to be involved in the regulation of body size. Recent studies in Drosophila showed that the activity of insulin-signalling pathway in the prothoracic gland modulates ecdysone release regulating both the duration and rate of larval growth (Caldwell et al., 2005; Colombani et al., 2005) . In this context, experimental evidence raised the possibility that an amn neuropeptide might actively participate in regulating ecdysone synthesis (Caldwell et al., 2005) . According to this hypothesis, the mutation of amn might lead to a premature ecdysone release leading to the development of small adults. Our results are in line with this view as the mutation of amn caused a significant reduction of body size-related traits. Finally, sd has been related mostly to the imaginal disc-derived wing morphogenesis (Dworkin and Gibson, 2006) . Viable mutants of sd exhibit defects that can include gapping of the wing margin and ectopic bristle formation on the wing (Campbell et al., 1991) . However, contrarily to the cases mentioned above, sd mutation increased the size of all traits studied although this results from taking into account the phenotypic effects of two independent mutants. Apparently, different insertions in this gene affected body size traits in a dissimilar fashion, suggesting that the precise location of the transposon determines the phenotypic effect, as was observed previously for other traits (Rollmann et al., 2006) . Therefore, even though these pleiotropic genes apparently play a role in body size determination, it seems that they have barely been associated to morphogenesis. An inspection of the GO terms corresponding to the categories 'molecular function' and 'biological process' related to these genes (Supplementary information, Table 2 ) suggests that they are important for different aspects related to the general functioning of the organism which, in turn, implies that their mutation might cause a general adverse effect on growth. However, this effect was not observed in the case of sd mutations. According to this idea, P-element insertions-affecting inv, Lsd-2 and amn enlarged egg-to-adult developmental time but this trait was not modified when sd was mutated (Mensch et al., 2008) .
In general terms, our results support the idea that the genetic architecture of body size is complex with different genes contributing to different traits in a sexually dimorphic manner. Particularly, its largely polygenic basis is composed by genes related to the general development of the organism and its metabolic functions as well as genes associated to more specific functions related to the expression of body size-related traits. Further studies of the developmental stage or organ in which these genes are expressed will help to elucidate the relevance of these genes on the regulation of the size of different body structures.
